Cyanobacterial blooms have become more frequent as a result of eutrophication in lakes. The accumulation and breakdown of huge cyanobacterial biomasses often cause hypoxia in lakes. However, little is known about microbial diversity in these areas. In this study, we characterized the bacterial community composition of a Microcystis-bloom-induced hypoxic area in Lake Taihu, which is a large, shallow lake, by analysing terminal restriction fragment length polymorphisms of 16S ribosomal RNA genes and clone libraries generated from selected samples. Bacterial samples were collected at different sites within the hypoxic zone at different times during the development of hypoxia. The results showed that the composition of both free-living and particle-attached bacterial communities in the water column varied spatially and temporally and that these variations were largely related to changes in the concentrations of dissolved oxygen and ions in the water column. Sequences affiliated with Clostridium were predominantly found at the onset of hypoxia, whereas members of the LD12 cluster were detected at the posthypoxia stage; Desulfovibrio and Comamonadaceae dominated throughout the hypoxic event. We speculate that these organisms may be associated with the decomposition of Microcystis biomass and the production of volatile organic compounds; however, their specific function in Microcystis-bloom-induced hypoxia warrants further study.
Introduction
Cyanobacterial blooms have become more frequent as a result of eutrophication in lakes (e.g. Paerl et al., 2001; Wilhelm et al., 2011) . The accumulation and breakdown of large cyanobacterial biomasses cause a reduction in dissolved oxygen (DO) (Li et al., 2011) , which often leads to hypoxia in lakes (Yang et al., 2008) . In aquatic systems, hypoxic or dead zones have several characteristics that inhibit the survival of higher organisms, such as low redox potentials and high sulphide concentrations (Freitag et al., 2003; Diaz & Rosenberg, 2008; Zaikova et al., 2010) . Therefore, hypoxic zones can easily destroy the balance of a food web in the littoral zone and the body of water as a whole (Rabalais et al., 2002) . As these spots were first found in the Baltic Sea in the 1930s, they have increased in frequency and intensity along with an increase in eutrophication in aquatic systems and have spread from oceans to littoral regions and large lakes throughout the world. Hypoxic zones are becoming one of the most serious environmental problems facing the world today (reviewed by Diaz & Rosenberg, 2008) . To solve this problem, it will first be necessary to better understand the characteristics of hypoxia and its effects in all kinds of aquatic systems. Most studies have focused on marine systems (reviewed by Diaz & Rosenberg, 2008; Stevens & Ulloa, 2008; Gooday et al., 2009; Zaikova et al., 2010) and large lakes with seasonal stratified water columns (e.g. Wilhelm et al., 2006; Gobler et al., 2008) .
In shallow, turbid freshwater systems with cyanobacterial blooms, bacteria, especially heterotrophic bacteria (both free-living and particle-attached), have crucial roles in biogeochemical element cycling and energy flux (Cole et al., 1982; Azam et al., 1983) and the formation and maintenance of hypoxia (Holmer & Storkholm, 2001; Wilhelm et al., 2006) . Therefore, characterizing the bacterial community composition (BCC) of hypoxic zones induced by cyanobacterial blooms will be fundamental for improving our understanding of the characteristics of hypoxia. Previous studies have indicated the presence of novel bacterial groups and have suggested that the BCC varies temporally with the concentrations of oxygen and phosphate within hypoxic zones in marine systems Stevens & Ulloa, 2008; Zaikova et al., 2010) . However, relatively little is known about the composition and dynamics of bacterial communities within hypoxic zones induced by cyanobacterial blooms in shallow freshwater lakes.
Lake Taihu, China's third-largest shallow lake, is located in eastern China (30°55′40″-31°32′58″N and 119°5 2′32″-120°36′10″E). Since 1980, cyanobacterial blooms, mostly consisting of Microcystis, have occurred regularly during the summer in Lake Taihu (Qin et al., 2007) . During this season, south-eastern monsoons drive the Microcystis blooms to the northern and western parts of the lake, with the highest biomass of Microcystis being observed near the shoreline (Qin et al., 2007) . The decomposition of accumulated Microcystis biomass has often caused hypoxia in certain locations along the shoreline (Qin et al., 2010) . To investigate the bacteria present in freshwater hypoxic zones, we analysed the BCC of a Microcystis-bloom-induced hypoxic area in Lake Taihu, a large, shallow lake, using terminal restriction fragment length polymorphism (T-RFLP) analysis of the 16S ribosomal RNA genes followed by the cloning and sequencing of selected samples.
Materials and methods
Study sites, sampling and measurement of environmental parameters A hypoxic zone of approximately 200 ha covered the shoreline near the entrance of Bafanggang Port (31°14′ 53.2″N-119°54′22.0″E, Supporting Information, Fig. S1 ) on the 4th and 5th of June 2009. Sampling was conducted every 12 h for 36 h at two sites within the hypoxic zone; the main site (H) was located in a pelagic area 500 m off the shoreline, and the assistant site (W) was located in the littoral area (Fig. S1 ). The DO concentration, pH and water temperature (T) were determined on location using a Multi-Parameter Water Quality Sonde (YSI 6600). The data obtained were used to determine further sample collection and select the appropriate time points for our in-depth BCC analysis. Variations in the chemical parameters of site H were more drastic than those of site W; the DO concentration increased sharply to 9.0 mg L À1 at site H at 36 h, whereas the DO concentration only changed slightly at site W. Therefore, sampling was stopped after 36 h, and the concentrations of total phosphorus (TP), total nitrogen (TN), ammonium (NH 4 -N), nitrate-nitrite (NO x -N), ortho-phosphorus (PO 4 -P), particulate Fe (P-Fe), particulate Mn (P-Mn), dissolved Fe (D-Fe) and Mn (D-Mn) at the beginning (0 h) and end (36 h) time points were measured using standard methods (Greenberg et al., 1992) . Samples from time points at 0, 12, 24 and 36 h at site H and 0 and 36 h at site W were chosen for in-depth analysis of the short-term dynamics of the BCC (Table S1 ). The bacterial biomass of particle-attached and free-living bacteria was collected on polycarbonate filters with pore sizes of 5.0 and 0.2 lm (47-mm diameter; Millipore), respectively, as described previously (Li et al., 2011) , and these samples were stored at À80°C until their nucleic acids were extracted.
Bacterial community analysis by 16S rRNAbased T-RFLP Total DNA was extracted from particle-attached and freeliving bacterial biomass collected on filters as described previously (Li et al., 2011) . Bacterial 16S rRNA genes were amplified by PCR and assessed using T-RFLP, as previously described (Liu et al., 1997) . In brief, the 16S rRNA genes were amplified using the primers 8f (5′-AGA-GTTTGATCCTGGCTCAG-3′; labelled with 6-carboxyfluorescein on the 5′ end) and 926r (5′-CCGTCAATT CCTTTGAGTTT-3′) (Liu et al., 1997) . DNA amplification was performed in an automated thermocycler (PTC 200-cycler; MJ Research) using an initial denaturation step at 94°C (3 min), followed by 30 cycles of denaturation at 94°C (30 s), annealing at 55°C (30 s) and extension at 72°C (1 min). A final extension at 72°C (10 min) and subsequent cooling step at 10°C completed the reaction. The PCR samples were cleaned using an E.Z.N.A. TM Cycle-Pure kit (Omega) and digested with mung bean nuclease (Takara, Japan) according to the manufacturer's instructions to remove any partially single-stranded amplicons that could confound the T-RFLP analysis. Mung bean digests, which were cleaned and purified with the E.Z.N.A.
TM Cycle-Pure kit described earlier, were generated by incubating the samples with HhaI (Takara) at 37°C for 6 h. The digestion products were further purified with the E.Z.N.A.
TM Cycle-Pure kit and were separated on a CEQ TM 8000 Genetic Analyzer (Beckman Coulter, Fullerton, CA) following the general guidelines for T-RFLP. The results were analysed using the fragment analysis module of the CEQ TM 8000 Genetic Analysis software. To account for small differences in the running time among samples, fragments from different profiles with < 1 base pair (bp) difference were considered to be the same length. Peaks of < 60 bp, longer than 600 bp, or representing < 1% of the total peak area were discarded (Li et al., 2011) . The T-RF peak area for each sample is expressed as a percentage relative to the total peak area for that sample.
Sequence data, phylogenetic analysis and assignment of T-RFs
To identify the bacterial species present in the samples, six bacterial clone libraries were generated using both free-living and particle-attached samples from site W at 0 h (W0.2-0h, W5-0h) and site H at 0 and 12 h (H0.2-0h, H0.2-12 h, H5-0h, H5-12 h) ( Table S1 ). Amplification of the bacterial 16S rRNA genes was performed using the 27f (5′-AGAGTTTGATCCTGGCTCAG-3′) and 1492r (5′-GGYTACCTTGTTACGACTT-3′) primers (Weisburg et al., 1991) . The PCR protocols were the same as described earlier, except that extension was performed at 72°C for 2 min. After purification, the PCR products were ligated into the pGEM-T Easy Vector (Promega) according to the manufacturer's instructions. Positive colonies from each library were verified by PCR amplification using vector primers (M13F and M13R) and randomly selected for sequencing, which was carried out by Invitrogen (Shanghai, China). All sequences were screened for a high probability of being chimeric using Mallard (Ashelford et al., 2006) . The remaining sequences were compared with GenBank entries using BLAST (http:// blast.ncbi.nlm.nih.gov/Blast.cgi) to match the reference sequences. A Ribosomal Database Project classifier was initially applied to assign the 16S rRNA gene sequences to phylogenetic affiliations (Wang et al., 2007) . A neighbour-joining tree was created for the phylogenetic analyses of the retrieved clonal 16S rRNA sequences using MEGA4 (Tamura et al., 2007) . To assign in silico T-RFs to phylogenetic groups, randomly selected clones were analysed by in vitro T-RF by determining the first HhaI enzymatic digestion site downstream from 8f.
Statistical analysis
Canonical correspondence analysis (CCA) was used to reveal the relationships between BBC and environmental parameters because the length of the first Detrended Correspondence Analysis (DCA) axis run on the species data was > 2. CCA was performed using CANOCO 4.5 software (ter Braak & Šmilauer, 2002) . The tested environmental variables included T, TP, TN, NH 4 -N, NO X -N, PO 4 -P, pH, DO, P-Fe, P-Mn, D-Fe and D-Mn. All data were log (x + 1)-transformed except for the T and pH values. In the case of the T-RFLP results, a binary matrix was constructed by scoring the presence (percentage of area) and absence (0) of particular T-RFs. Environmental factors best describing the most influential gradients in the community composition were assessed in permutation tests with 499 unrestricted Monte Carlo permutations.
Hierarchical cluster analysis was performed on the T-RFLP profiles using PRIMER 5 software (http://www.primer-e.com/). The differences between clone libraries constructed from different enclosures were statistically assessed using 'libshuff' command in the mothur software (Schloss et al., 2009) .
Nucleotide sequence accession numbers
The 16S rRNA gene sequences obtained from our analysis have been deposited in GenBank under the accession numbers JN183167-JN183437.
Results

Environmental characteristics of the hypoxic zone
The main physiochemical parameters of all the sites examined during this hypoxic event are summarized in Fig. 1 . The DO concentrations at all sites on June 4th (at 0 and 12 h) were below 0.5 mg L
À1
, while the concentrations on June 5th (at 24 and 36 h) were much higher, indicating that hypoxia was ongoing. At 24 h, the DO concentrations at the two sites were high (2.9 mg L
), whereas at 36 h, the DO concentration in the pelagic zone was 9.0 mg L À1 ; however, the concentration was still below 0.5 mg L À1 in the littoral zone. Similarly, the pH readings in the water column at the onset of hypoxia (0 and 12 h) were lower than those taken during the posthypoxic stage (24 and 36 h). The concentrations of TN, TP, NH 4 -N, P-Mn and D-Mn at both hypoxic sites were lower in the beginning than during the posthypoxia stage, whereas the concentrations of NO X -N, PO 4 -P, ph, DO, P-Fe and D-Fe were higher in the posthypoxia stage than in the beginning.
T-RFLP analysis of the free-living bacterial community
The T-RFLP profiles of DNA extracted from free-living bacteria living in the hypoxic zone revealed clear patterns of temporal partitioning, with the profiles at the onset of hypoxia (0 and 12 h) being more closely related to one another than to those collected during the posthypoxia stage (24 and 36 h) (Figs 2 and 3). At 0 h, a total of 14 distinct bacterial T-RFs were identified at the pelagic site (the main site, H). These T-RFs were 139/140, 204, 206, 211, 218, 89, 91 and 95 bp in length, and each exhibited a relative abundance > 4%, with the last three accounting for more than 10.7% of the identified T-RFs ( Fig. 2) . At the littoral site (the assistant site, W), 14 distinct bacterial T-RFs were found. These T-RFs were 65/66, 80, 139/140, 204, 218, 89, 91 and 95 bp in length, and each T-RF had a relative abundance > 5%, with the last three accounting for more than 10.8%. At 12 h, most of these dominant T-RFs were still among the most abundant ones within the bacterial T-RFLP profile at the pelagic site, although the relative abundance of the 65/66-bp T-RF increased from 1.6% to 13.4% (Fig. 2) . Furthermore, four additional T-RFs (60, 71, 72 and 207 bp) were detected for the first time. The T-RFLP profiles of the free-living bacterial community were very different 12 h later. At 24 h, the 65/66-and the 60-bp T-RFs were the most abundant fragments (their relative abundances increased from 13.4-32.0% and 1.7-18.6%, respectively; Fig. 2 ), and the next most abundant T-RF was the 370-bp T-RF (its relative abundance was > 11.4% at both time points), which was detected for the first time. At 36 h, the relative abundance of the 65/66-bp T-RF decreased to 9.7%, but it was still among the most abundant T-RFs in the pelagic hypoxic zone. The other dominant T-RFs were 91, 139/140, 204, 206 and 218 bp in length (relative abundances of 14.1%, 9.6%, 19.5%, 6.5% and 14.8%, respectively; Fig. 2 ). Most of these T-RFs (5 of 6) were still dominant in the bacterial populations in the littoral hypoxic zone at 36 h, although the 60-bp T-RF was also abundant (Fig. 2) .
T-RFLP analysis of the particle-attached bacterial community
In keeping with the results observed in the free-living bacteria, the T-RFLP profiles of particle-attached bacteria at the onset of hypoxia (0 and 12 h) were more closely related to one another than the profiles at the posthypoxia stage (24 and 36 h) (Figs 4 and 5). At 0 h, a total of 16 distinct bacterial T-RFs were identified at the pelagic site (H), and those of lengths 65/66, 91, 218, 95, 204 , and 206 bp each exhibited a relative abundance > 4%. The first three dominated the bacterial population, with relative abundances of approximately 17.7%, 9.7% and 12.0%, respectively, being observed; all three were among the most abundant T-RFs at the littoral site (W), although their relative abundances varied at the same time (Fig. 4) . At 12 h, all of the previously dominant T-RFs were still among the most abundant fragments at the pelagic site. Furthermore, the 207-and 211-bp T-RFs (with relative abundances of 7.0% and 4.1%, respectively) were also highly abundant, and the former was newly detected. At 24 h, a total of 24 distinct bacterial T-RFs were identified, 12 of which were newly detected. These T-RFs each showed a relative abundance > 1%, and those with lengths of 65/66, 91, 110, 95, 139/140, 158 and 334 bp each exhibited a relative abundance > 4%. The first three fragments dominated the bacterial population with relative abundances > 10% (Fig. 4) . At 36 h, only nine distinct bacterial T-RFs were identified in the centre of the pelagic hypoxic zone. These T-RFs each showed a relative abundance > 4%, and those with lengths of 91, 95, 139/140 and 204 bp exhibited relative abundances > 10% (Fig. 4) . At the littoral site, the relative abundance of the 65/66 bp T-RF increased from 4.4% to 15.9% and dominated the bacterial populations, whereas the relative abundances of the T-RFs with lengths of 91 and 218 bp decreased to 11.0% and 7.8%, respectively. The other dominant T-RFs at this site were 206 and 204 bp in length (with relative abundances of 5.4% and 4.4%, respectively; Fig. 4) , both of which were detected for the first time. An additional three T-RFs (172, 558 and 563 bp) were detected for the first time (Fig. 4) .
Phylogenetic analysis and assignment of T-RFs
To identify the bacterial species present in the hypoxic zone, six bacterial clone libraries were generated from bacterial 16S DNA templates retrieved from the littoral site (W) samples [W0.2-0h (n = 44), W5-0h (n = 39)] and the pelagic site (H) samples [H0.2-0h (n = 35), H0.2-12 h (n = 107), H5-0h (n = 34), H5-12 h (n = 35)]. The phylogenetic affiliations of the various clone sequences were determined using the neighbour-joining tree method (Fig. S2 ) and MEGA4 software (Tamura et al., 2007) . Most of the detected T-RFs could be assigned to defined phylogenetic groups, and several T-RFs were detected in more than one phylogenetic group (Tables 1  and 2 ). Phylogenetic analysis of the clone sequences revealed that the composition of the free-living and particle-attached bacterial communities in the water column had changed during hypoxia; the BCC of each site was composed of bacterial groups found in all hypoxic samples and also site-specific groups. At 0 h, the 16S rRNA sequences of the free-living bacteria in the pelagic zone (H) were dominated by clones classified as Bacteroidetes (Porphyromonadaceae, Flavobacteriales and another unclassified group), Firmicutes (Clostridium and Erysipelotrichaceae), Betaproteobacteria (Rhodocyclaceae and Comamonadaceae) and Gammaproteobacteria (Xanthomonadaceae) (Table 1, Fig. 2) . At 12 h, all of these dominant groups were still among the most abundant populations at this site, and another abundant T-RF that was 65/66 bp in length was assigned Table 1 . Phylogenetic affiliations of free-living bacterial 16S rRNA sequences retrieved in clone libraries generated from the samples. Characteristic T-RFs for different clone groups are given; T-RFs with relative abundance of more than 4% are indicated in bold; T-RFs detected in more than one phylogenetic group are marked with an asterisk (*); T-RFs with relative abundance of more than 10% are underlined, respectively to Desulfovibrio vulgaris Hildenborough (94% similarity) or Methylophilaceae. Furthermore, the 60-, 71-, 72-and 207-bp T-RFs that were first detected at this time point were associated with the LD12 cluster (freshwater SAR11 of Alphaproteobacteria), or Alcaligenaceae (Betaproteobacteria), Comamonadaceae, Comamonadaceae and Chitinophagaceae, respectively. At 24 h, the most abundant T-RFs were the 65/66-bp (32.0%) and 60-bp (18.6%) fragments associated with Desulfovibrio or Methylophilaceae and LD12, Alcaligenaceae or Rhodocyclaceae, whereas the other highly abundant fragment (370 bp) (11.4%) was associated with an unidentified bacterial group (Table 1, Fig. 2 ). In addition, the eight newly detected T-RFs were related to Planctomycetaceae, Micrococcineae, Cyanobacteria, Veillonellaceae and other unidentified bacterial groups (Table 1 , Fig. 2) . At 36 h, the free-living bacterial community in the pelagic zone was dominated by Porphyromonadaceae, Comamonadaceae, Desulfovibrio or Methylophilaceae, and Xanthomonadaceae. At the littoral site at 0 h, the 16S rRNA sequences of free-living bacteria were dominated by Desulfovibrio or Methylophilaceae, Porphyromonadaceae, Clostridium, Comamonadaceae, Flavobacteriaceae, Xanthomonadaceae and an unclassified Bacteroidetes group (Table 1, Fig. 2) . Table 2 . Phylogenetic affiliations of particle-attached bacterial 16S rRNA sequences retrieved in clone libraries generated from the samples. Characteristic T-RFs for different clone groups are given; T-RFs with relative abundance of more than 4% are indicated in bold; T-RFs detected in more than one phylogenetic group are marked with an asterisk (*); T-RFs with relative abundance of more than 10% are underlined, respectively Phylogenetic group T-RFs of the particle-attached bacteria (bp) Similarly, all of these groups were still dominant at 36 h, except for Comamonadaceae, although their relative abundances varied (Table 1, Fig. 2 ). The 60-and 206-bp T-RFs were closely related to LD12, Alcaligenaceae or Rhodocyclaceae, and an unclassified Gammaproteobacteria group. Consistent with the T-RFLP results, the particleattached bacterial populations in the water column at the onset of hypoxia (0 and 12 h) were more closely related to one another than to those at the posthypoxia stage (24 and 36 h). In the pelagic zone at 0 h, the 16S rRNA sequences of the particle-attached bacteria were dominated by Desulfovibrio or Methylophilaceae, Porphyromonadaceae, Clostridium, Xanthomonadaceae and Rhodocyclaceae (Table 2 , Fig. 4) . At 12 h, all of these groups were still among the dominant groups, although the particle-attached bacterial population was also dominated by Chitinophagaceae and Erysipelotrichaceae. The 72-, 83-, 85-, 86-, 195 -and 516-bp T-RFs that were detected for the first time were affiliated with Comamonadaceae, Flavobacteriaceae and Cyanobacteria (Table 2, Fig. 4) . At 24 h, the three most abundant T-RFs, 65/66, 91 and 110 bp in length (all > 10%), were assigned to Desulfovibrio or Methylophilaceae, Porphyromonadaceae and unclassified Bacteroidales, the last of which was detected for the first time. Furthermore, the other newly detected T-RFs were 71, 72, 75, 107, 108, 158, 177 and 334 bp in length and were closely related to Comamonadaceae, Cytophagaceae, Desulfovibrio, unclassified Deltaproteobacteria and Rhodobacteraceae, but those of lengths 120, 126, 138, 177 and 180 bp were not represented by any of the clone sequences and therefore could not be assigned to any phylogenetic group (Table 2, Fig. 4) . At 36 h, the particle-attached bacterial populations were dominated by Porphyromonadaceae, Clostridium, Comamonadaceae and Rhodocyclaceae, which were most closely related to the 91-, 95-, 139/140-and 204-bp T-RFs (with relative abundances of 14.3%, 10.3%, 22.6% and 20.9%, respectively). In addition, three newly identified T-RFs that were 196, 202 and 203 bp in length were assigned to Comamonadaceae or Rhodocyclaceae, Burkholderiaceae and Rhodocyclaceae, respectively (Table 2, Fig. 4) .
Similar to the pelagic zone, the particle-attached bacterial communities in the littoral zone were dominated by Desulfovibrio or Methylophilaceae, Porphyromonadaceae, Clostridium, Xanthomonadaceae, Rhodocyclaceae and Flavobacteriaceae at 0 h (Table 2, Fig. 4) . At 36 h, Desulfovibrio or Methylophilaceae, Porphyromonadaceae and Flavobacteriaceae were among the most abundant groups (relative abundances of 15.9%, 11.0% and 7.8%, respectively), whereas Clostridium decreased to 2.2% (Table 2 , Fig. 4) . Furthermore, new 204-, 558-and 563-bp T-RFs were associated with Rhodocyclaceae and Veillonellaceae, whereas the 172-bp T-RF was not represented by any of the clone sequences and therefore could not be assigned to any phylogenetic group (Table 2, Fig. 4 ).
Statistical analysis
The CCA model showed that the concentrations of DO, P-Fe, D-Fe and D-Mn contributed most to the variance in the free-living and particle-attached bacterial communities (Table 3) . For the particle-attached bacteria, DO was likely to be the main factor associated with variations in BCC followed by D-Fe, P-Fe and D-Mn. For the freeliving bacteria, however, D-Fe and P-Fe, followed by D-Mn and DO were the factors mainly associated with BCC variation (Table 3) .
The 'libshuff' analysis of the clone library analysis clearly indicated not only that the composition of both the free-living and particle-attached bacterial communities in the water column changed during hypoxia but also that there were differences between the littoral and pelagic hypoxia zones (Tables 4 and 5 ).
Discussion
The objective of this study was to characterize the BCC in shallow, freshwater hypoxic zones and to investigate the associated bacterial dynamics in relation to environmental parameters. Two culture-independent methods, T-RFLP analysis and cloning/sequencing, were used to analyse the BCC. Changes in the physiochemical parameters, especially the concentration of DO, at all sites clearly indicated the occurrence of hypoxia in Lake Taihu. Generally, the physiochemical variables of the sampling site (approximately 200 ha) during this hypoxic event showed values in the same range as those previously observed in marine and freshwater dead zones (CastroGonzález et al., 2005; Wilhelm et al., 2006; Stevens & Ulloa, 2008; Zaikova et al., 2010) . The DO concentrations at all sites at the onset of hypoxia (0 and 12 h) (< 0.5 mg L
À1
) were consistent with those that have been previously reported (< 0.
) (Stevens & Ulloa, 2008; Zaikova et al., 2010) and that may lead to mass mortality of aquatic fauna (Diaz & Rosenberg, 1995) . Similar to some previous studies (Castro-González et al., 2005; Wilhelm et al., 2006; Stevens & Ulloa, 2008; Zaikova et al., 2010) , the present work showed that the concentrations of nutrients (TN, TP and NH 4 -N) in hypoxic zones were higher than in nonhypoxic regions (e.g. Meiliang Bay) (our unpublished data). Skoog & Arias-Esquivel (2009) found that the concentration of iron increased immediately after the onset of anoxia in mesocosms with surface sediment and water from a coastal environment, whereas the concentration of manganese decreased; these findings are consistent with those of the present study. The increase in the concentration of PO 4 -P at the posthypoxia stage might be due to dissolution of reactive phosphate-ferric iron oxide complexes under oxygen-limiting conditions (Colman & Holland, 2000) . Therefore, we conclude that the results of this study can be considered representative of hypoxia in general.
The unique environmental factors present in hypoxic conditions favoured the growth of particular bacterial groups. The freshwater SAR11 bacteria can demethylate dimethylsulphoniopropionate (DMSP), which is usually degraded to form dimethylsulphide and sulphur compounds that are not climatically active (Moran et al., 2003; Howard et al., 2006) and are found in marine oxygen minimum zones (DeLong et al., 2006; Stevens & Ulloa, 2008) . These bacteria were also found in freshwater hypoxic zones in our study (Tables 1 and 3; Figs 3 and 5), indicating that further study is needed to demonstrate whether SAR11 (closely related to the LD12 cluster) plays a role in production of odorous compounds, such as the dimethyltrisulphide suffusing the hypoxic regions of Lake Taihu (Yang et al., 2008) .
Our study also showed that Clostridium (Firmicutes) dominated the bacterial communities at the onset of hypoxia (0 and 12 h) and decreased during the posthypoxia stage when the concentration of DO increased (24 and 36 h) (Tables 1 and 2; Figs 3 and 5) . This group is composed of facultative anaerobes that can utilize a variety of organic substrates (Murashima et al., 2002; Ren et al., 2007; Seedorf et al., 2008) . Recently, it was found that new members of this genus are involved in the anaerobic degradation of Microcystis blooms ; this finding is confirmed by our field results.
We also found that the 65/66-bp T-RFs affiliated with D. vulgaris Hildenborough dominated all of the bacterial communities in the present hypoxia zone (Tables 1 and  2 ; Figs 3 and 4) . Desulfovibrio, a group of sulphate-reducing bacteria (SRB) capable of oxidizing a wide variety of organic carbon compounds, is frequently found in aquatic anoxic environments (Foti et al., 2007; Leloup et al., 2007; Neretin et al., 2007; Liu et al., 2009) and is traditionally considered to be a strict anaerobe. However, D. vulgaris has been shown to favour regions with low O 2 concentrations (Johnson et al., 1997) and to be aero tolerant (Dolla et al., 2006) . Desulfovibrio desulfuricans ATCC 27774 has been reported to survive in high O 2 concentrations that nearly reach atmospheric levels, although it grows optimally in an anaerobic environment (Lobo et al., 2007) . This ability to survive at high O 2 concentrations may be due to the fact that they possess numerous oxygen detoxification proteins, such as superoxide reductase (Sor) and superoxide dismutase (Sod) (e.g. Lumppio et al., 2001; Zhou et al., 2010) ; this finding may also explain why Desulfovibrio dominated the bacterial communities both at the beginning of this study and during the posthypoxia stage. SRBs are key players in sulphur and carbon cycling in marine anoxic environments. Deuser (1971) first suggested that at least half of the total particulate carbon that is transported into the anoxic water column in the Black Sea is oxidized by SRB. Volkov et al. (1998) found that the inorganic carbon production in the anoxic zone of this sea was caused almost entirely (95%) by sulphate reduction, where the total carbon output is 30-50 Tg per year (Neretin et al., 2001) . These roles for SRB are considered to be less crucial in lakes but are still important, especially in eutrophic-and saline-lake anoxic zones (Scholten et al., 2005; Foti et al., 2007; Leloup et al., 2007) . The role of the SRBs found in our study needs to be investigated by further isolating these microorganisms to characterize their eco-physiological properties. Except for the three groups mentioned earlier, certain groups of Comamonadaceae belonging to the Betaproteobacteria were among the dominant groups in the sampled hypoxic zones (Tables 1 and 2; Figs 3 and 4) . Some groups of Comamonadaceae belonging to the Betaproteobacteria (for example, strains BrG1, BrG2) that oxidize black ferrous sulphide and degrade aromatic substrates under anaerobic conditions were originally found in town ditches (Bremen, Germany) and a brackish water lagoon (Hiddensee, Baltic Sea, Germany) but have recently been detected in a variety of environments (Straub et al., 1996; Schulze et al., 1999; Schloe et al., 2000; Reinhold-Hurek & Hurek, 2006; Sun et al., 2009) . Although their function in the hypoxic zones considered in this study requires further investigation, our culture-independent result has provided further insight into the microbial diversity of this special anoxic habitat.
In addition to identifying these four interesting groups, the T-RFLP profiles of the bacteria (Figs 3 and 4) and the 'libshuff' analysis indicated that the compositions of both the free-living and particle-attached bacterial communities in the water column changed temporally with the development of hypoxia (Tables 4 and 5 ), a result that has also been seen in marine systems (Daffonchio et al., 2006; Lin et al., 2008; Stevens & Ulloa, 2008; Zaikova et al., 2010) . In marine anoxic systems, bacterial communities are vertically stratified, which is associated with differences in the concentrations of sodium, dissolved manganese, nitrite, nitrate, DO, redox potential and some biotic factors (e.g. grazing, viruses) (Daffonchio et al., 2006; Lin et al., 2006; Lin et al., 2008; Stevens & Ulloa, 2008; Zaikova et al., 2010) . In our study, the bacterial communities changed horizontally, and this divergence is associated with gradients in the concentration of oxygen, manganese and iron, suggesting that these are most important factors influencing the BCC during this hypoxia event (Table 3) .
Conclusions
Both free-living and particle-attached bacterial communities in the water column varied temporally within the hypoxic zone, and such divergence is mainly associated with dynamics in the concentration of oxygen, manganese and iron. The unique environmental factors in dead Microcystis bloom-induced hypoxic zones favoured certain bacterial groups. Sequences affiliated with the LD12 cluster (freshwater SAR11), Desulfovibrio, Clostridium and Comamonadaceae were found to be the most abundant in the shallow hypoxic zone. We speculate that these organisms may be associated with the decomposition of Microcystis biomass and may potentially play a role in the production of some sulphide-containing compounds, although their function in freshwater hypoxic zones needs further study. Table S1 . Description of free-living and particle-attached bacterial samples from the two sites at different time Please note: Wiley-Blackwell is not responsible for the content or functionality of any supporting materials supplied by the authors. Any queries (other than missing material) should be directed to the corresponding author for the article.
